We measured 87 Sr/ 86 Sr ratios on 41 olivine-hosted melt inclusions from nine Samoan basalts using laser ablation multi-collector (LA-MC) ICPMS. 87 Sr/ 86 Sr ratios are corrected for mass bias after eliminating major isobaric interferences from Rb and Kr. The external precision averages ± 320 ppm (2σ) for the 87 Sr/ 86 Sr ratios on natural Samoan basalt glass standards of a similar composition to the melt inclusions.
Introduction
Ocean island basalts (OIBs) erupted at hotspots are thought to be the surface expression of buoyantly upwelling mantle plumes that sample the mantle's compositional heterogeneities at various depths and times www.elsevier.com/locate/epsl [1, 2] . The Samoan islands and seamounts, formed by a mantle plume impinging on the Pacific plate just north of the Tonga Trench, form a time-progressive hotspot track [3, 4] which conforms reasonably well to Morgan's hotspot model [5] . Samoan lavas exhibit the highest 87 Sr/ 86 Sr ratios and the largest 87 Sr/ 86 Sr variation (0.7044-0.7089) measured in fresh OIBs [4, 6] , making them ideal for prospecting for diverse Sr-isotope compositions in melt inclusions.
Olivine-hosted melt inclusions in Samoan lavas provide snapshots of diverse magma chemistry before complete melt aggregation, providing an opportunity to see more of the isotopic heterogeneity which exists in the melt source but that is not detectable in whole rocks. However, the chemical variability in melt inclusions may be generated by a number of processes that obscure source variation, including pre-entrapment fractional crystallization, post-entrapment diffusive reequilibration, crustal assimilation, and degree, type and depth of melting [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Studies delineating Pb-isotope diversity in melt inclusions have demonstrated that heterogeneous melt source compositions are an important factor in generating compositional variability [17] [18] [19] [20] [21] . A landmark Pbisotope study of melt inclusions hosted in basalts from Mangaia Island in the Cook Islands revealed significantly more isotopic heterogeneity than is found in whole rocks from the island [17] . The results indicate the presence of an unradiogenic Pb-isotope endmember in the melt inclusions not discernable in whole-rock basalts. Problematically, this unradiogenic Pb endmember has been poorly characterized, owing partly to the large uncertainties associated with in situ Pb-isotope measurements: Pb-isotope data from melt inclusions generally are limited to 208 Pb/ 206 Pb versus 207 Pb/ 206 Pb isotope projections (due to the inability to collect precise 204 Pb data on silicate melt inclusions), which place DMM (depleted MORB mantle, low 3 He/ 4 He, low 87 Sr/ 86 Sr), FOZO (Focus Zone, high 3 He/ 4 He, low 87 Sr/ 86 Sr), PHEM (Primitive Helium Mantle, high 3 He/ 4 He, middle-range 87 Sr/ 86 Sr) and EM2 (enriched mantle 2, low 3 He/ 4 He, high 87 Sr/ 86 Sr) in such close graphical proximity that they cannot be unequivocally resolved. The true pedigree of the unradiogenic Pb endmember in Mangaia is still unknown, and could be similar to any of these four endmembers.
An advantage to the Sr-isotope system is that the EM2 endmember has dramatically higher 87 Sr/ 86 Sr ratios (∼ 0.7089) [4] than the DMM (0.7026) [22] , PHEM (0.7045) [23] and FOZO (0.7030) [24] mantle endmembers, and can be readily differentiated from the three less radiogenic endmembers. PHEM hosts significantly more radiogenic Sr than DMM and FOZO and is easily resolved from these two components. Unfortunately, DMM and FOZO exhibit similar 87 Sr/ 86 Sr ratios and it will be difficult to differentiate between these two components as potential sources of the isotopic diversity in melt inclusions.
We present Sr-isotope data from olivine-hosted melt inclusions recovered from Samoan basalts, some of which lie near the EM2 mantle endmember, with the goal of better understanding the puzzling unradiogenic component sampled by melt inclusions. To this end, we also contribute Sr-isotope data measured on melt inclusions from a recently discovered high 3 He/ 4 He basalt from Samoa [25] . Our strategy is to analyze Sr isotopes in melt inclusions from EM2 and high 3 He/ 4 He endmember basalts from Samoa, to constrain the role of the various components-EM2, PHEM, DMM and FOZO-that may be contributing to the Sr-isotope diversity in the Samoan plume.
Methods
A detailed description of the protocol used for in situ measurement of Sr isotopes in basaltic glasses (and melt inclusions) by LA-MC-ICPMS is provided in the Supplementary data. In order to measure Sr-isotope ratios in situ, we use a 213 nm NewWave laser ablation system coupled to a Themo-Finnigan Neptune MC-ICPMS, located in the Plasma Facility at Woods Hole Oceanographic Institution (WHOI). During analytical runs, the laser is run in aperture mode with 100% power, a pulse rate of 20 Hz and a spot size of 120 μm. The raster pattern varies depending on the size and shape of the melt inclusion, and the line speed is 4 μm/s. Surface contamination is removed by pre-ablation using the same raster and spot size, but with a pulse rate of 5 Hz, 45% power and a raster speed of 30 μm/s.
During each analytical session, we measure intensities on masses 82 through 88. Raw data are exported to an offline data correction program (TweaKr) for correcting the Rb and Kr isobaric interferences. Runs with low intensities (i.e., b1 Von mass 88, due to small size or low Sr content) were discarded as they are prone to large systematic errors [26] . Masses 85 and 88 are pure Rb and Sr, respectively, with no significant known interferences, and require correction only for mass fractionation. We correct for Kr interferences on masses 84 and 86 so that the mass fractionation-corrected 84 Sr/ 86 Sr value is canonical (0.0565725). The protocol for correcting mass 87 for the Rb interference is the following: A Samoan basalt glass with known 87 Sr/ 86 Sr, from analysis by conventional Thermal Ionization Mass Spectrometry Table 1 Corrected and normalized 87 Sr/ 86 Sr melt inclusion and whole-rock data, including Rb/Sr ratios and raw exported Neptune data ( Table 2 . e Replicate analysis of a melt inclusion is listed immediately below first analysis. Six melt inclusions were large enough to permit replicate analyses. Melt inclusion sample Year1_71-2 was replicated over a 1-year period, and was renamed Disc3_71-2C for the replicate analysis. All other replicate analyses were made during the same analytical session.
(TIMS), is measured by laser ablation, Kr-corrected, and the 85 Rb/ 87 Rb ratio is adjusted until the known TIMS 87 Sr/ 86 Sr value of the glass is achieved. We adopted the strategy of using the required 85 Rb/ 87 Rb of the Samoan basalt glass standards to bracket the 85 Rb/ 87 Rb of the basalt glass unknowns. In order to estimate the overall accuracy associated with this technique, we apply contiguous bracketing of the glass standard runs, and we are able to reproduce the known TIMS values to within an average of ±320 ppm (2σ standard deviation). However, due to uncertainty associated with the 85 Rb/ 87 Rb ratio (2.5875 ± 0.00275, 2σ), the final, corrected 87 Sr/ 86 Sr ratio exhibits an error magnification that is directly proportional to the Rb/Sr ratio of the sample. Samples with low Rb/Sr will exhibit less error from the Rb correction (145 ppm, Rb/Sr = 0.04) than samples with high Rb/Sr (505 ppm, Rb/Sr = 0.14) (see Supplementary data). However, over the range of Rb/Sr in the Samoan basalt glass standards (0.045-0.126), we find no relationship between the internal (in-run) precision of 87 Six melt inclusions were large enough for replicate analysis (one melt inclusion, 71-2C, was replicated over a one-year period), and five of their 87 Sr/ 86 Sr ratios were reproducible within the quoted precision. However, the replicate analysis of melt inclusion 71-11a was different by 550 ppm (see Table 1 ), while error resulting from the Rb correction is only 260 ppm (2σ) on Samoan glass standards with similar Rb/Sr ratios. The internal precision of the replicate analysis of this melt inclusion was ∼ 100 ppm (2σ). Data from this melt inclusion indicates that larger-than-usual 85 Rb/ 87 Rb variations over time can occasionally generate uncertainties (above the 2σ level) in 87 Sr/ 86 Sr that are somewhat larger than error predicted by the data from Samoan glass standards.
An upper limit for the 87 Sr/ 86 Sr measurement precision on Samoan melt inclusions with low Rb/Sr can be inferred from the near-uniform ratios obtained on melt inclusions from the high 3 He/ 4 He Ofu basalt. The Rb/Sr values were among the lowest during analysis of Ofu melt inclusions, and the tight clustering of the Ofu melt inclusions may be partially explained by decreased error of 87 Sr/ 86 Sr measurement for these samples compared to other, higher Rb/Sr Samoan glasses and melt inclusions from Vailulu'u and Malumalu. If we assume that the Ofu melt inclusions are isotopically homogeneous, then the external precision on these 7 melt inclusions is ± 335 ppm (2σ). Some of the apparent variability may be a result of error from the Rb correction, which is ± 190 ppm (2σ) at Rb/Sr ratios of 0.053, and may not reflect true variability. Additionally, internal precision varied from 60 to 226 ppm (2σ standard error) on the seven Ofu melt inclusions.
Masses 85 and 88 represent pure Rb and Sr, respectively, so that fairly precise measurement of Rb/Sr ratios can be generated. After correcting for mass fractionation (≈ 1.5%/amu), Rb/Sr ratios on Samoan basalt glasses measured by laser ablation are reproduceable to 17% (2σ, compared to ratios obtained by XRF/ICP techniques on the same samples), and precise (1.7%, 2σ) during multiple runs on the same glass (see Supplementary data).
Major element compositions of glassy and homogenized melt inclusions were obtained with a JEOL-733 automated electron microprobe at the Massachusetts Institute of Technology using an electron beam with current of 10 nA and accelerating potential of 15 kV focused to a spot of 1-2 μm in diameter for olivine analyses, and defocused to 10 μm for glass analyses. Trace element contents were determined with a Cameca IMS 3f ion microprobe following the techniques described in [27, 28] . A small beam (5 μm diameter spot), combined with a high-energy filtering technique (80-100 eV window), was used to determine trace element concentrations. Precision for Sr, La, Zr, Y is estimated to be ± 15%, and ± 20-30% for Ba, Nb and Rb. Homogenization of olivine-hosted melt inclusions was performed in a furnace at 1187-1220 C (depending on olivine composition) at 1 atm pressure for 5 min in a graphite capsule.
To correct for the effects of crystallization of olivine in the glassy and homogenized melt inclusions, we add equilibrium olivine to the melt inclusions in 0.1% increments until equilibrium with mantle olivine (Fo 90 ) is achieved, assuming olivine-melt partitioning of Fe and Mg from [29] . Instead of correcting the melt inclusions to be in equilibrium with the host olivine, this correction scheme is chosen so that we can compare them to similarly corrected Samoan whole-rock lavas (after discarding data from the most evolvedMgO b 6.5 wt.%-whole-rock samples).
Results

Sr-isotope variability in melt inclusions
Sr-isotopes were measured in melt inclusions from nine geochemically well-characterized basalt samples [4, 25] from five islands and seamounts located along the Samoan hotspot track. Olivines (Fo 76-91 ) with large ellipsoidal melt inclusions (50-250 μm diameter) were separated from the basalt samples for melt inclusion exposure and isotopic analysis. Most of the melt inclusions were crystalline and usually contained dendritic clinopyroxene in a glassy matrix, with spinel and rare sulfide globules; some (≈ 5%) of the melt inclusions were glassy. The high 3 He/ 4 He basalt sample OFU-04-06 was unique in that amphibole and apatite were common melt inclusion phases, and carbonate was also observed.
Olivines Although melt inclusions show more depleted isotopic compositions than the island or seamount from which they were recovered, they are not observed to sample compositions more depleted than whole rocks from the Samoan hotspot ( 87 Sr/ 86 Sr ≥ 0.7044). Therefore, the least radiogenic Sr-isotope ratios in Samoan basalts and melt inclusions are significantly more enriched than the depleted upper mantle sampled by MORB along the EPR (East Pacific Rise; 0.70228-0.70287, N-MORB segment averages from [22] ); the old oceanic crust upon which the Samoan island chain is constructed is probably isotopically similar to these modern EPR basalts.
Rb/Sr ratios measured by LA-ICP MS on the same set of melt inclusions tell a story similar to that of the isotopes. Melt inclusions in sample 78-1 exhibit the largest variation in Rb/Sr ratios (0.0593-0.1421), and the variability is similar to that observed in the whole rocks measured from Malumalu seamount. The Rb/Sr ratios in OFU-04-06 melt inclusions show some heterogeneity (Rb/Sr from 0.0476 to 0.0595, n = 7), but this variability is smaller than the variability sampled by whole-rock lavas from the island. Vailulu'u melt inclusions from dredge samples 71-2 (Rb/Sr from 0.0469 to 0.1028, n = 12 melt inclusions) and 68-3 (Rb/Sr from 0.060 to 0.1027, n = 3) exhibit a range of Rb/Sr values that falls between 78-1 and OFU-04-06. Unlike the isotopes, however, the magnitude of the Rb/Sr heterogeneity in the melt inclusions from samples 71-2 and 68-3 is greater than the variability observed in Vailulu'u seamount lavas, and, within error of measurement, do not sample a component with lower Rb/Sr than observed in whole rocks from this seamount.
The present dataset suggests that the isotopic variability exhibited by the melt inclusions in a basalt sample may be a function of the whole-rock isotopic composition. In Fig. 2 Sr ratio. Maximum and minimum variability is determined the same way, but assumes an uncertainty for Rb/Sr of 17%. The magnitude of variability due to internal precision is approximated by the size of the data symbols in both panels.
ratios from melt inclusions in a given basalt sample, exhibits a maximum and a minimum due to the uncertainty introduced by the Rb correction. Although the number of data points is limited, the data are consistent with melt inclusion isotopic diversity increasing with increasing 87 Sr/ 86 Sr (increasing EM2 component) and decreasing 3 He/ 4 He (not shown). The range of variability for Malumalu sample 78-1 is larger than, but overlaps with, the range of values from Vailulu'u sample 71-2. The melt inclusions from the high 3 He/ 4 He Ofu basalt exhibit the smallest range of probable 87 Sr/ 86 Sr ratios, and they do not overlap with the range from samples 71-2 and 78-1. A similar observation can be made for the variability of Rb/Sr ratios in the melt inclusions, where Rb/Sr tends toward greater melt inclusion variability in samples 78-1 and 71-2; the Ofu sample has the smallest range of variability, and overlaps slightly with the lowest probable variability in sample 71-2. It is notable that OFU-04-06 exhibits the highest 3 He/ 4 He ratio (and low 87 Sr/ 86 Sr) found in Samoa, an observation that may be linked to the small degree of isotopic and trace element variability in its melt inclusions.
Major and trace element characteristics of melt inclusions
Rb/Sr and 87 Sr/ 86 Sr ratios from the melt inclusions define a broad array that encompasses the entire spectrum of Sr-isotope and Rb/Sr variability recorded in Samoan basalts (Fig. 3) . Curiously, the melt inclusions from Malumalu do not form an array by themselves, but plot over a broad region. The Rb/Sr and Sr-isotope data array form a crude mantle isochron of 1.1 Ga.
Major and trace elements were measured on melt inclusions from Vailulu'u, Malumalu and Ofu basalts, and they reveal a large range of compositions (Table 2) . Although the trace element compositions of Vailulu'u melt inclusions are similar to whole-rock analyses from this seamount, melt inclusions from EM2 endmember basalt 78-1 record a greater degree of trace element variability than all of the whole rocks measured from Malumalu. One Sr/ 86 Sr versus Rb/Sr ratios for Samoan whole rocks and melt inclusions, determined by laser ablation. The shaded regions represent the extent of melt inclusion variability for the volcanoes (Vailulu'u, Malumalu and Ofu). The open region encompasses the least evolved (MgO ≥ 6.5 wt.%) whole-rock measurements from these three volcanoes and Ta'u, thus encompassing islands and seamounts only on the eastern half of the Samoan hotspot track (where ∼98% of the analyzed melt inclusions were recovered). Whole-rock data from Ofu is unpublished, and for the other volcanoes is from [4] . MORB range is limited to EPR N-MORB (M) segment averages [22] . High He basalts from Hawaii (H) [37] , Iceland (I) [38] and Baffin Island (B) [39] provide an approximation for FOZO (higher 3 He/ 4 He ratios exist for Hawaiian basalts [40] , but 87 Sr/ 86 Sr data are not available for these samples; Rb/Sr data for high 3 He/ 4 He samples from Baffin Island are found in [41] ). Error bars on symbols are internal precision of measurement (2σ, mean deviation). Error bars on periphery of figure denote external precision of measurements, as determined by Samoan glass standards with compositions similar to the melt inclusions: Rb/Sr error is 17% (2σ, standard deviation) and 87 Sr/ Melt inclusions from OFU-04-06 also exhibit some unusual major and trace element compositions. One Ofu melt inclusion exhibits unusually low K 2 O concentrations. Additionally, the OFU-04-06 melt inclusions exhibit a large range in SiO 2 , including one sample with unusually low SiO 2 (38.0%) and high CaO (17.2%). These uncommon major element compositions may be due to the combination of unusual phases present in the OFU-04-06 melt inclusions prior to homogenization in the lab. Low glass totals in the OFU-04-06 inclusions are likely due to high volatile contents in the homogenized glasses, a hypothesis consistent with the volatile-rich phases in melt inclusions from this sample.
In addition to Rb/Sr ratios, several other major and trace element parameters correlate with 87 Sr/ 86 Sr in the melt inclusions. Melt inclusions from Ofu, Vailulu'u and Malumalu exhibit negative Ba anomalies that also are observed in Samoan shield-stage lavas [4] (Fig. 4 ). An approximation for this Ba anomaly is (Ba/Nb) N (normalized to PUM, primitive upper mantle [30] ), a ratio which correlates with 87 Sr/ 86 Sr in whole rocks and melt inclusions (Fig. 5) . The (Ba/Nb) N values are lowest (largest Ba-anomaly) in the basalts and melt inclusions with low 87 Sr/ 86 Sr, and highest in the basalts and melt inclusions with elevated 87 Sr/ 86 Sr ratios. It is notable that basalts and melt inclusions associated with elevated 3 He/ 4 He ratios, and not the high 87 Sr/ 86 Sr EM2 endmember basalts, have the largest Ba anomalies. The mechanism that generates this anomaly is unknown [4] , and the anomaly also exists in MORB and HIMU basalts, but not in basalts with EM1 characteristics.
The negative K 2 O anomaly in the Samoan melt inclusions (Fig. 4) is commonly observed in OIBs. Curiously, however, PUM-normalized K exhibits little variability regardless of the degree of enrichment of the other trace elements (with the exception of a single Ofu melt inclusion). Despite the limited variability, olivine fractionation-corrected K 2 O concentrations exhibit a relationship with 87 Sr/ 86 Sr in the melt inclusions (Fig. 5 ). Nb/Zr also correlates with 87 Sr/ 86 Sr in Samoan basalts and melt inclusions (Fig. 5) 3 He/ 4 He isotopes in Samoan melt inclusions; therefore, it may be important that the Nb/Zr ratios in several of the Ofu-04-06 melt inclusions exhibit values lower than the ratios observed in whole rocks.
Melting models of the EM2 source
It is important to place constraints on the trace element variability introduced by melting processes. A plot of Sr versus Ti/Zr shows that the majority of the melt inclusions form an array that extends outside of the whole-rock field to enriched Sr and low Ti/Zr values (Fig. 6) . The low Ti/Zr ratios (15-88) observed in the melt inclusions extend to lower values than observed in whole-rock basalts from the eastern Samoa islands and seamounts (63-130). Such low values cannot be produced by crystal fractionation of melts before olivine entrapment, and assimilation of MORB (Ti/Zr = 88) also fails to produce low Ti/Zr values [31] . A model of the Samoan EM2 source composition [4] provides a robust estimate for the mantle source sampled by the extreme EM2 basalt sample 78-1, and variable degrees of aggregated modal fractional melts of this source (Sr = 20.0 ppm, Ti/Zr = 101.9) in the garnet and spinel stability fields can describe much of the melt inclusion array in Fig. 6 . Consistent with the model of the EM2 source as a metasomatized harzburgite [4] , we adopt a harzburgite source lithology (1% spinel, 3.6% clinopyroxene [cpx], 20.6% orthopyroxene [opx] and 74.8% olivine), with mineral modes from [32] and mineral/melt partition coefficients from [33] . We assume the mineral modes of a similar bulk composition for melting in the garnet stability field (3.8% garnet, 2.7% cpx, 17.7% opx and 75.8% olivine) using the spinel to garnet conversion from [34] . The two melting models follow similar trajectories, but melting in the spinel stability field is required to generate the exceptionally high Sr and low Ti/Zr observed in the ultra-enriched Malumalu melt inclusions. Interestingly, if the EM2 source [4] has a more cpx-rich lithology than the harzburgite in our melting model, it will not produce melts with the Sr concentrations observed in the most enriched melt inclusion at reasonable degrees (N1%) of melting (Fig. 7) .
Other geochemical indicators, including Y/Zr ratios, more clearly resolve the relative roles of melting in the garnet and spinel stability fields. Due to the relative compatibility of Y in residual garnet, low Y/Zr ratios are consistent with melting in the presence of garnet. A role for melting in the garnet stability field is suggested in a plot of Y/Zr against Nb/Zr in Fig. 6 . This is particularly true for the Ofu melt inclusions, which trend to the lowest Y/Zr ratios Fig. 4 . PUM-normalized trace element patterns of Samoan basalts and melt inclusions; melt inclusion data is from ion probe analysis, except for K and Ti, which were measured by electron probe. Vailulu'u melt inclusions are from three samples: 71-2 (grey lines), 68-3 (dashed line), 71-11 (solid black lines). Malumalu and Ofu melt inclusions are from samples 78-1 and OFU-04-06, respectively. All melt inclusions (except for one melt inclusion from 78-1 and two from OFU-04-06 that have no major element compositions, see Table 2 ) are corrected for olivine fractionation to be in equilibrium with mantle olivine of Fo 90 (see text for correction scheme). The grey field encloses the range of whole-rock patterns from the least evolved basalts (N6.5 wt.% MgO) from Vailulu'u, Ofu and Malumalu; whole-rock compositions have been corrected for olivine addition/fractionation. PUM values from [30] . observed in the melt inclusions suite and straddle the garnet melting trend at 5% melt. This is similar to the Ti/Zr versus Sr plot, where the garnet melting curve trends through the Ofu melt inclusion field at ∼4% melt. Malumalu and Vailulu'u melt inclusions (and Samoan whole rocks) are offset to higher Y/Zr ratios, perhaps suggesting a larger role for melting in the spinel stability field, an observation that is consistent with the same subset of melt inclusions in the Ti/ Zr versus Sr melt model.
No single melting model of the EM2 source perfectly describes the melt inclusion fields for all three volcanoes, but we find that a combination of melting and mixing satisfactorily reproduces the melt inclusion geochemical variability. The relative roles of melting and mixing of different components can be partially deconvolved in a plot of 87 Sr/ 86 Sr versus 1/Sr ( Fig. 8) , where twocomponent mixing trajectories are linear and variable degrees of melting result in horizontal trajectories. The Ofu melt inclusions lie on a horizontal trend, which can be described by various degrees of melting of a single source that exhibits a 87 Sr/ 86 Sr ratio of ∼0.7045, and the Malumalu and Vailulu'u melt inclusions form a diagonal array that suggests a role for two-component mixing.
Discussion
A homogeneous source for PHEM basalts
Compelling evidence that the Samoan melt inclusions sample a heterogeneous source comes from Sr-isotope analysis of the melt inclusions from Vailulu'u and Malumalu basalts. However, the uniformly unradiogenic character of the Ofu melt inclusions precludes a significant contribution from an enriched, radiogenic (EM2) component. This suggests that Samoan melts with high 3 He/ 4 He sample a homogeneous source and do not mix with melts of an enriched component. By comparison, the melt inclusions from Malumalu and Vailulu'u span a large range of Sr concentrations and isotopic compositions, indicating that both variable degrees of melting and mixing have occurred. An aggregated fractional melt trajectory for the garnet stability field is plotted (Fig. 8) for the EM2 source [4] , and the Malumalu and Vailulu'u melt inclusions form a broad array that trends diagonally away from the horizontal Ofu melting trajectory toward low degree (∼1%) melts of the EM2 source; the Vailulu'u and Malumalu melt inclusions can be produced by aggregated melts of an Ofu source that then mix with aggregated fractional garnet melts of the EM2 source.
Unlike the EM2 source, the trace element source composition of the high 3 component melts to form basalts and melt inclusions from Ofu. However, it is possible to bracket the source composition of this component and estimate the degree of melting captured in the Ofu melt inclusions. Although the Ofu basalts are more isotopically depleted than the EM2 basalts, an isotopically and trace element depleted DMM lherzolite source (7 ppm Sr) [35] fails to produce the high Sr concentrations observed in the Ofu melt inclusions (Fig. 7) . This would suggest that the Ofu source is either more refractory or more trace element enriched, or both, than the lherzolitic [35] DMM source. The first option can be explored by invoking a more refractory, harzburgitic DMM source. However, only unreasonably low (F b 1%) degrees of melting can produce the most enriched Sr concentration observed an Ofu melt inclusion. The second scenario can be tested by invoking the trace element enriched EM2 source, and assigning it a lherzolitic lithology that is similar to DMM. At reasonable degrees of melting (F = 1.5%), such a source can generate melts with sufficiently high Sr contents to match the range observed in Ofu. Finally, a harzburgitic EM2 source, which is both more refractory and trace element enriched than DMM, can generate the most enriched melt inclusions from Malumalu and Ofu between 1% and 2% melting. The harzburgitic EM2 source can serve as a probable upper limit for the trace element enrichment of the PHEM source because we consider it unlikely for the less isotopically enriched PHEM component to exhibit greater trace element enrichment than EM2. However, Fig. 6 . Upper panel: Ti/Zr versus Sr concentration in melt inclusions and whole rocks with melting models. All melt inclusions and whole rocks are corrected for olivine fractionation to be in equilibrium with mantle olivine. Grey field is for whole-rock samples from Vailulu'u, Malumalu and Ofu. Lines with closed boxes represent aggregated fractional melting trends of the EM2 source [4] in the garnet and spinel stability fields, using partition coefficients from [33] . Harzburgite mineral modes are from [32] . All melting is non-modal. Tick marks are every 1% melting, beginning at 0% and increasing to the left. Lower panel: Y/Zr versus Nb/Zr in melt inclusions and whole rock, including melting models in the garnet and spinel stability fields. Tick marks are every 1% and the degree of melting increases to the left. Melting parameters and grey field are the same as upper panel.
a PHEM source with a lithology (and/or Sr concentrations) intermediate between DMM and EM2 cannot be ruled out. If PHEM has the same Sr content and lithology as the EM2 source, the Vailulu'u and Malumalu melt inclusion arrays can be explained as mixtures of 6.5 ± 1.5% melts of PHEM and ∼1% melts of EM2. However, the degree of melting of the PHEM source that contributes to the Malumalu-Vailulu'u mixing array should be taken as a maximum.
Unlike the Ofu melt inclusions, which sample a pure PHEM source, no melt inclusions sample a pure EM2 melt (as calclulated by [4] , using ultra-enriched Srisotope compositions from Samoan xenoliths [36] ). Mixing lines in Fig. 8 between a 1% EM2 melt and 6.5 ± 1.5% PHEM melts indicate that the subset of Vailulu'u and Malumalu melt inclusions with both 87 Sr/ 86 Sr and Sr concentration data are dominated by a PHEM component, and exhibit less than a ∼ 30% contribution from the EM2 component. However, one Malumalu melt inclusion exhibits a much larger contribution from an EM2 component, as indicated by its high (∼ 1865 ppm) Sr content and low (∼17) Ti/Zr ratio (Fig. 6) . The PHEM-EM2 melt mixing lines in Fig. 8 suggest that this melt inclusion contains more than a 70% contribution from the EM2 melt component. The mixing model suggests that a 70% contribution from an EM2 melt would produce an extrapolated 87 Sr/ 86 Sr ratio of ∼ 0.712, which is a significantly higher ratio than has been observed in a Samoan basalt, but close to the 87 Sr/ 86 Sr of cpx in metasomatized xenoliths from Savai'i in western Samoa. Unfortunately, this ultra-enriched melt inclusion was too small for isotopic analysis.
Isotopic variability in Samoan melt inclusions: MORB or FOZO?
Correlations between trace elements and Sr isotopes suggest that trace element variability in Samoan basalts and melt inclusions may reflect heterogeneity in the Samoan mantle. Rb/Sr, K 2 O, (Ba/Nb) N and Nb/Zr ratios correlate with Sr isotopes in Samoan lavas and melt inclusions, suggesting that these trace elements are heterogeneous in the Samoan mantle source. However, a combination of melting processes and variable source lithology may drive the observed correlations, limiting the role for source heterogeneity. For example, the relatively constant K 2 O concentrations and negative (PUM-normalized) anomalies in Samoan lavas may be a result of residual phlogopite, which may cause K 2 O to behave more compatibly in the Samoan source during melting. However, K 2 O correlates with 87 Sr/ 86 Sr in the whole rocks and melt inclusions (Fig. 5) , suggesting a role for K 2 O heterogeneity in the Samoan source, and that K 2 O concentrations in Samoan basalts and melt inclusions may be controlled only partially by melting processes.
Assuming that Rb/Sr variability in Samoan melts reflects source variability, the array formed by the 87 Sr/ . DMM trace element source and lherzolite lithology from [35] , converted to equivalent garnet facies lithology using relationship from [34] . EM2 source from [4] . Harzburgite lithology from [32] . Note that only the EM2 source with a harzburgite lithology can produce the highest Sr concentration observed in the melt inclusion from sample 78-1 at F ≥ 1%. All melting is non-modal in the garnet stability field. Neither modal melting nor melting in the spinel stability field significantly changes our conclusions at F ≥ 1%. 86 Sr and Rb/Sr data can be modeled as binary mixing between a PHEM and an EM2 component, a model originally proposed by Farley et al. [23] . Such a model is consistent with the trace element melting/mixing model proposed above, which suggests that the Ofu melt inclusions sample only a high 3 He/ 4 He PHEM mantle reservoir and the Vailulu'u and Malumalu melt inclusions result from mixing melts from both the PHEM and EM2 mantle reservoirs.
Previous work on the Pb-isotopic variability in melt inclusions [17] suggested that the unradiogenic endmember in EM2 basalts from Tahaa may be depleted (MORB or FOZO?), and thus lie at even lower 87 Sr/ 86 Sr values than observed in the high 3 He/ 4 He PHEM lavas from Ofu (Fig. 3) . In fact, an extrapolation of the Samoa melt inclusion and whole-rock basalt array in Fig. 3 does indeed trend toward one of two depleted components that are significantly less radiogenic than PHEM: MORB [22] or a common high 3 He/ 4 He mantle component, called FOZO [24] (Fig. 3) . The FOZO component is represented by basalts with the highest 3 He/ 4 He from Hawaii [37] , Iceland [38] and Baffin Island [39] . Both MORB and FOZO lie on a similar extension of the Samoa melt inclusion 87 Sr/ 86 Sr-Rb/Sr array, so it is difficult to distinguish which, if either, of these two components is sampled by the Samoan melt inclusions. If the depleted component is MORB, it may be entrained in melt inclusions by shallow anatexis due to preferential cooling and olivine crystallization near magma chamber and conduit walls [7, 8, 21] . However, the presence of FOZO (or any other high 3 He/ 4 He component) in the Samoan melt inclusions would require that the isotopic variability in melt inclusions reflect true source heterogeneity, assuming that a high 3 He/ 4 He component does not exist in the oceanic crust or lithosphere.
The case against MORB
It may be possible to look at other lines of geochemical evidence to discern whether MORB or FOZO play a role in augmenting the isotopic diversity in Samoan melt inclusions. Models suggesting that melt inclusion isotopic variability is caused only by contamination from unradiogenic oceanic crust and lithosphere at shallow levels do not explain how several Samoan melt inclusions have higher 87 Sr/ 86 Sr ratios than their host Sr at a given Sr concentration. Aggregated non-modal fractional melting trends of the EM2 and PHEM sources in the garnet stability field are shown as horizontal lines (tick marks are every 1% melting, beginning at 0% and increasing to the right). Two mixing lines, both extending diagonally from a 1% EM2 melt to 5% and 8% PHEM melts, are shown (each tick represents 10% mixture, starting at 0% EM2 and increasing to the upper left). Ofu melt inclusions lie on the melting trend for PHEM, and require no mixing with an EM2 component. Malumalu and Vailulu'u melt inclusions can be described by mixing of melts from the EM2 and PHEM sources. Sr concentrations in melt inclusions and whole rocks are corrected for olivine fractionation. PHEM and EM2 source compositions plot outside of the figure as indicated, at 1/Sr values of ∼ 0.05 (Sr concentrations of 20.0 ppm). The published source for EM2 [4] is used in this figure. As a limit, PHEM is given the trace element source abundances and lithology of EM2 in the melt model. Symbols same as in Fig. 3 . bulk rock compositions (see Fig. 1 ). For example, Samoan whole-rock basalt sample 71-11 hosts several melt inclusions that have 87 Sr/ 86 Sr ratios (up to 0.70692) that are significantly more enriched than its host rock (0.70550). The presence of 87 Sr/ 86 Sr ratios in melt inclusions that are higher than the bulk rock require that at least some of the isotopic variability present in melt inclusions is derived from the mantle source, because the enriched component in melt inclusion 71-11a is too enriched to be found in the oceanic crust and lithosphere. Therefore, if assimilation of oceanic crust and lithosphere contributes heterogeneity to the Samoan melt inclusions, it cannot be the only means by which isotopic heterogeneity is produced in Samoan melt inclusions, and some contribution from the melt source must be involved as well.
On a different tack, the case for the less radiogenic melt inclusions sampling the depleted oceanic crust and lithosphere by assimilation is limited severely by the observation that, within analytical uncertainty, not a single melt inclusion has an 87 Sr/ 86 Sr ratio that is lower than the least radiogenic ( 87 Sr/ 86 Sr = 0.7044) wholerock basalt measured in the Samoan islands (Fig. 1) . The Samoan melt inclusions trace out a range of Sr-isotope variability that is confined to the region of Sr-isotope space defined by the Samoan whole-rock data (Fig. 3) . On an island-by-island basis, the interpretation is more complicated, as melt inclusions from two Vailulu'u whole-rocks sample a component more depleted than found in whole rocks measured from the seamount. However, the least radiogenic component found in Vailulu'u melt inclusions is also found in lavas from nearby Samoan islands (e.g., Ta'u and Ofu), exhibits elevated 3 He/ 4 He ratios, and is thus known to exist in the Samoan plume. Many of the downstream Samoan seamounts also are dominated by 87 Sr/ 86 Sr between 0.7044 and 0.7049 [3] . It seems unnecessary, therefore, to invoke contamination from the oceanic crust and lithosphere to explain the presence of the less radiogenic component when it already exists inside the plume! Although the argument can be made that an insufficient number of melt inclusions have been analyzed to detect a component more depleted than what is found in whole rocks, the number of melt inclusions analyzed for Sr isotopes (n = 41) is already significant, and is equal to ∼ 30% of the number of published 87 87 Sr/ 86 Sr portion of the Samoan whole-rock mixing array (see Fig. 3 ) and the melt inclusions are identical to the whole rock, suggesting that the least radiogenic Sr composition sampled by the Ofu basalts is the same component found in the melt inclusions. Therefore, we maintain that the unradiogenic Sr component in Samoan melt inclusions is more enriched than MORB or FOZO, and is likely the same PHEM component sampled by the high 3 He/ 4 He Samoan basalts, suggesting that a two-component EM2-PHEM mixing model may be the most appropriate for melt inclusions originating in the enriched Samoan mantle. Scatter around such a mixing model (Fig. 8 ) may be due to minor contributions from other components [4] that may exist in the Samoan mantle.
Implications for source heterogeneity (or lack thereof)
The results for Sr-isotope measurements in Samoan melt inclusions support an argument for an origin of the isotopic variability in the melt source, not contamination by oceanic crust and lithosphere. We assume that the isotopic variability (or lack thereof) in Samoan melt inclusions is not a product of variable degrees of homogenization in magma conduits and chambers before olivine entrapment, but rather that the isotopic variability in melt inclusions reflects the heterogeneity of the melt source: When the melt source is heterogeneous, melt inclusions capture the range of heterogeneity while the isotopic composition of the bulk rock lava represents an average of the heterogeneity sampled in the melt. By extension, we infer that the high 3 He/ 4 He whole-rock sample OFU-04-06 tends to sample a more homogeneous source, as the melt inclusions are nearly isotopically homogeneous and identical to the bulk rock. Perhaps, then, only melting of a pure PHEM source allows the high 3 4 He mantle that these basalts sample is homogeneous and devoid of enriched domains. This hypothesis is consistent with the melting-mixing model above (see Fig. 8 ), which suggests that the isotopically homogeneous melt inclusions from the high 3 He/ 4 He basalt from Ofu exhibit no evidence of mixing with an EM2 component.
It is notable that while near-pure PHEM melts are observed in Samoan melt inclusions, pure EM2 melts ( 87 Sr/ 86 Sr = 0.7128 [4, 36] ) were not unequivocally detected in this study (i.e., by measurement of Sr isotopes). Several melt inclusions with ultra-enriched trace element patterns were observed, but most of the melt inclusions are composed of b30% EM2 component. Perhaps this indicates that, compared to the PHEM component, the EM2 component in the Samoan plume is rare. Alternatively, the EM2 component may not be rare in the Samoan plume, but is more refractory and produces less melt than the PHEM component. In this way, perhaps, EM2 melts are less frequently sampled by melt inclusions. Future work on melt inclusions will help resolve the relative contributions of the enriched and high 3 He/ 4 He sources to OIB lavas.
Summary
The following conclusions can be drawn from this study:
1.) The Sr-isotopic diversity in melt inclusions from
Samoan basalts does not extend significantly above or below the range defined by whole rocks from the Samoan hotspot. 2.) A few melt inclusions exhibit 87 Sr/ 86 Sr ratios significantly higher than their host whole rock. This is taken as evidence that assimilation of MORB lithosphere cannot be the only mechanism that contributes isotopic diversity to the melt inclusions. 
Introduction
We have thoroughly, but not exhaustively, investigated the parameters necessary for precise and accurate Sr isotope analysis of basalt glasses by in situ laser ablation PIMMS. The lower limit of external precision attained under optimal conditions for the SRM987 Sr solution standard is ± 5 ppm (>25 volt data, 1 ), and is fairly comparable to good TIMS data. For lower intensity data (~ 1-5 volts), more comparable to our typical laser ablation work, the external solution precision is in the 20-80 ppm range. We have instituted a new method for Kr correction that is based on 84 Kr, and a method for Rb correction that utilizes basalt glass standards with significant Rb/Sr ratios and known 87 Sr/ 86 Sr ratios. Even in basalts requiring very large Rb corrections, we are able to obtain 87 Sr/ 86 Sr data with ~320 ppm external precision and 45 ppm internal (in-run) precision (2 standard deviation) on a suite of Samoan glasses with known 87 Sr/ 86 Sr ratios. We developed an analytical protocol for the measurement of Sr isotope ratios by Laser Ablation PIMMS for analysis of melt inclusions in olivine phenocrysts in OIBs (ocean island basalts) from the EM2 (Samoa), EM1 (Pitcairn, Christmas) and HIMU (Mangaia) mantle end-members. We acknowledge a significant existing body of work on Sr isotope measurement by laser ablation PIMMS, but will not attempt to review this literature or compare it with the protocols we have installed on the NEPTUNE at the Woods Hole Oceanographic Institution [1-6].
Techniques
Instrumental Description
The data discussed here were obtained with a ThermoFinnigan NEPTUNE multicollector ICP-MS, coupled to a NEW Wave UP213 laser, housed in the Plasma Facility at the Woods Hole Oceanographic Institution. This NEPTUNE was installed in June 2003, replacing an earlier one that had been installed in February 2002, but damaged by the October 2002 fire in the Ion Probe Facility.
The typical operating parameters of the NEPTUNE and laser are given in Table 1 (note that our techniques have evolved over time, and some earlier data may have utilized somewhat different protocols). Currently, we aspirate clean dilute (5%) nitric acid during the lasering, to allow solution standards to be interspersed with laser runs when needed. The arrangement of Faraday cups, and the relevant isotopic masses that are collected, is given in Table 2 . Amplifiers are not rotated, as this rotates the Faraday (off-mass) baselines as well. The mean raw Faraday intensities are transferred after all analyses to an offline data reduction program (TweaKr), for the various corrections.
We have opted to run the laser at 100% power and in apertured mode. While we could likely emplace higher energy density in focused mode, this tends to throw off larger chips and particles, particularly from basalt glass samples. We have not made any investigations of the effects of particle size on mass bias, interferences, and the like. Each analysis takes about 6.5 minutes of lasering, including offpeak baseline integration for 64 seconds and 20 cycles of 16 second integrations (and, more recently, 40 cycles of 8 second integrations). With a 120 µm spot and 200 µm long raster lines (see Table 1 ), spaced at only 20 µm, the final ablation pit is pyramidal, approximately 300 x 300 µm, and 250 µm deep. Typically, there will be little or no drift of 88 Sr intensity with time during ablation of homogeneous basalt glass standards, and the 1 standard deviation of intensity will fall in the range 5-15%.
Standards and Canonical Isotope Abundances
For Rb and Sr isotope standards, we have used NIST standards SRM984 and SRM987. The certified values for these standards are listed in Table 3 Sr/ 86 Sr are not independent, but possibly related by some fractionation-dependence. Note also that the certified 86 Sr/
88
Sr value is 0.1193515, not the consent value of 0.119400 adopted by the community. We have corrected all of the SRM 987 certificate ratios, by exponential law, to be consistent with the consent value of 0.1194. Ironically, this results in a "corrected" 87 Sr/ 86 Sr ratio of 0.7101938, which is lower than (but marginally within errors of) the value commonly adopted by the community of 0.710240 (which is itself different from the "uncorrected" certificate value of 0.710339). It will obviously be important for published papers to be very clear as to their usage of SRM 987 standard values. For Kr, we adopt the isotope abundances compiled by Ozima and Podosek (2001).
Backgrounds and Baselines
The NEPTUNE software allows a choice of baseline protocols. PIMMS users frequently use "on-peak" baselines, after sample wash-out [1, [3] [4] [5] [6] ; the NEPTUNE also allows a "defocused" beam baseline. Our experience is that baselines can be measurably (> 50 µV) elevated across a broad mass region during actual sample analysis and thus different from those measured in a defocused "beam-off" state, or while running gas or acid blanks. We have chosen therefore to adopt the common TIMS procedure of running "off-peak" baselines while sample analysis is underway; while this consumes part of the sample, we see no other way to ensure reliability of baselines. (However, baselines on Samoan basalt standards and basaltic melt inclusions do not change significantly over the course of an analytical session, and we have adopted the practice of applying baselines from larger melt inclusions-run during the same analytical session-to exceptionally small melt inclusions to save precious material). We have chosen to measure baselines at a position 0.70 amu below each mass; this avoids potential baseline interferences from doubly-charged half-mass REE peaks, allows the Faradays that are intentionally set at 83.5 and 85.5 in order to monitor these REE +2 to offset 0.2 amu below mass 83 and 85 during baseline measurement, and places the 88 Sr cup near the minimum in the valley between 87 Sr and 88 Sr during baseline measurement. With this protocol, the only baseline that will have a significant tail contribution is 87 Sr. With the measured abundance sensitivity at Sr mass of ~ 1ppm at 1 amu, the 87 Sr/ 86 Sr ratio will be elevated by < 12 ppm; this error is small compared to our external precision goal, and will also be normalized, to first order, through the use of the SRM987 standard.
Kr Correction
As is well known, there are interferences at 84 Sr and 86 Sr masses from Kr. Conventionally, the Kr is considered to be a contaminant in the Ar plasma gas, and is corrected by measurement of 82 Kr or 83 Kr. Over the past two years of measurement here, our 83 Kr intensity has varied from ~ 0.05 mV to ~ 20 mV, and we believe that not all of it comes in with the argon, nor is all of mass 83 actually Kr. Typically, after changing samples in the laser cell, there is a component of air Kr which slowly decreases as the chamber is purged. Ultimately, the Kr intensity with He flowing from the cell into the machine will decrease substantially below that in aspirated solutions (because the He has less Kr than the argon). It appears to us that there is a component of atmospheric Kr dissolved in aspirated solutions and this contributes to the Kr background. This could be possibly moderated by hermetically isolating the solutions from the atmosphere. Air entrainment by the plasma at the torch is also probable, but has proven difficult to constrain.
We have typically measured both 82 Kr and 83 Kr during all Sr analyses. Deviations of up to a factor of two from the canonical 83 Kr/ 82 Kr ratio of ~ 1 are very common in laser runs, with values most often above one, but also frequently below one (Fig. 1) . Even solution runs on the 987 standard will frequently show 10-20% deviations from a ratio of 1, typically with the ratios being too low (interferences on mass 82). Clearly there exist isobaric interferences that seriously hamper efforts to use either of these masses to correct for Kr. We have adopted an alternative scheme which basically uses the most abundant Kr isotope at mass 84 (~57%) to make the Kr correction on mass 86. This mass has a Sr "interference" on it, but for 88 Sr intensities in the 1-2 volt range, the Kr makes up 35-75% of the mass 84 peak (i.e. the Kr and Sr are approximately equal in intensity). By "subtracting" Kr until the 84 Sr/ 88 Sr ratio equals the canonical value of 0.00675476 (while iterating the mass-bias correction), this allows a robust correction to be made on mass 86 (there is a large error demagnification in this process, due to the fact that 86 Kr/ 84 Kr is ~ 0.30, while the 86 Sr/ 84 Sr ratio is ~ 17.7). Obviously, this technique relies on the absence of any other significant isobaric interferences at mass 84; in any event, these are likely to be less fatal than those at mass 83, because of the 84 Kr / 83 Kr ratio of ~ 5. One indication that this calculation method is helpful is the observation that the external precision of samples and standards run at low-intensity (1-2 volts on mass 88) is typically improved by 30-50%, compared to the same data corrected with 83 Kr. Further discussion of isobaric interference issues may be found in section IIF, below.
We are able to correct for Kr interferences so that elevated Kr/Sr ratios do not noticeably diminish the precision or accuracy of glass analysis while using our protocol, provided that the 88 Sr intensity is > 1 V and 82 Kr/ 88 Sr is < 0.004 (Table 4) . At exceptionally high Kr/Sr ratios, there may be a tendency for measurement precision to degrade. Therefore, analyses of unknowns that exhibit high Kr/Sr ratios ( 82 Kr/ 88 Sr > 0.004) are discarded.
Uncertainty in the isotopic ratios of Kr used in our correction scheme does not significantly contribute to diminishing the accuracy of 87 Sr ratio-a 1% uncertainty in any or all of the Kr-isotope ratios will change the final corrected 87 Sr/ 86 Sr ratio by <15 ppm. Additionally, allowing the Kr-isotope ratios to fractionate by up to 2% (before or during entry into the plasma) changes the 87 Sr/ 86 Sr by <15 ppm.
Rb Correction
The analysis of basaltic melt inclusions typically involves samples in which 20-50% of intensity on mass 87 is due to Rb, and large Rb corrections are required. Our goal was to devise a protocol where the Rb-corrected 87 Sr/ 86 Sr ratios are accurate to within a few hundred ppm. We adopted the strategy of using natural basalt glasses (Table 5) Rb ratios are then used for the Rb corrections in the unknown glasses. This method depends only on the Rb mass bias being relatively invariant on short time scales (20 minutes), and not being a function of the particular major element composition of the various glasses analyzed.
To assess these issues, we performed laser ablation analyses of a suite of 14 Samoan basalt glasses of known 87 Sr/ 86 Sr, with significant variability in major and trace element composition. The results of nine one-day analysis campaigns are shown in Fig.  2 ; interspersed with these laser ablation analyses during the first two days were a series of runs on mixed 984-987 Rb-Sr solutions. While the total variability of the "Required 85 Rb/ 87 Rb" (basically the variability of the Rb mass bias factor) is substantial (2317 ppm, excluding the 987-984 Rb-Sr solution runs), the variation with time is relatively smooth, such that the bracketing technique will be fairly effective (note that the error on 87 Sr due to the Rb effect is de-magnified by a factor of ~2.59 due to the 85 
Rb/ 87
Rb ratio). Several things may be noted. First, the "empirically" determined Rb ratio in lasered basalts has an average value of 2.58745, which is some 2100 ppm lower than the canonical value certified for the SRM984 Rb standard (the stated uncertainty in SRM984 is ± 770 ppm). Whether this reflects the existence of natural isotope variations in Rb, or simply an underestimate of the SRM certified value is unclear. If the former, then it will perhaps be important to use basalt glass standards that are petrogenetically related the unknowns. Secondly, there is a clear tendency for the Rb-Sr solution runs to lie at the high side of the data series, averaging 2.5900 (1200 ppm lower than the canonical value for the SRM984 Rb standard). This would suggest a slight difference in Rb mass bias for solution runs versus laser ablation runs (and this would not be surprising, given the much larger plasma loading from the laser runs).
To assess the overall accuracy of this correction scheme, we have "corrected" each run in two ways: first, using the contiguous bracketing runs, and secondly, correcting each run with the global average "required" 85 Rb/ 87 Rb ratio of 2.58745. The resulting "corrected" 87 Sr/ 86 Sr ratios are then compared with the known values (note that the internal precision of the solution runs averaged about ± 10 ppm (1 , standard error); that of the laser runs averaged ±17 ppm, with 88 intensities ranging from 1-12 volts). For the "bracketing technique", the mean deviation (measured against TIMS) for the nine analytical sessions is 127 ppm (320 ppm, 2 standard deviation, assuming a Gaussian distribution); for the "global average" technique, the mean deviation is 155 ppm (Fig. 3) . We adopt the first scheme to correct unknowns and when discussing the accuracy of standard glass (and melt inclusion) runs; this technique has the advantage of capturing the downward drift of the 85 Rb/
87
Rb required values over time (see Fig. 2 ). While obviously not as precise as TIMS analyses, this level of reproducibility is excellent for an in situ technique, and will allow us to embark on a realistic program of melt-inclusion analysis.
Due to the uncertainty of the 85 Rb/ 87 Rb required value, there will be an error magnification on the corrected 87 Sr/ 86 Sr ratios of basaltic unknowns as Rb/Sr increases. In order to model this effect, we selected several glass standard runs with different Rb/Sr ratios and similar, low Kr/Sr ratios, and varied the (Fig. 4) . However, the "bracketing method" for the Rb correction reduces the uncertainty in the 85 Rb/
Rb required value by ~20%, so that the propagated error from the reduced uncertainty translates to an improvement in the accuracy of the 87 Sr/ 86 Sr r (i.e., to 505 ppm when Rb/Sr is 0.14). The internal precision for 87 Sr/ 86 Sr measurements on lasered glasses is generally an order of magnitude better than the accuracy (this is also true for the Rb/Sr measurements), and does not appear to worsen with increasing Rb/Sr ratios. However, the internal precision of the 87 Sr/ 86 Sr, but not the accuracy, does vary with Sr intensities (Fig. 5) , and, to a lesser extent, the number and length (8 or 16 second integrations) of cycles of analysis. The precision on the melt inclusion analyses also varies as a function of Sr intensity and the number and length of cycles. However, because the accuracy of the 87 Sr/ 86 Sr of Samoan glasses is not related to Sr intensity over the range of 1-12 Volts on mass 88 (Table 4) , somewhat lower Sr intensities during the melt inclusion runs (1-6.5 Volts) should not affect the overall accuracy of 87 Sr/ 86 Sr.
Other Interferences
We have directly measured possible isobaric mass interferences resulting from Ca dimers and argides, FeO 2 , doubly-charged Er and Yb and KrH. The Ca dimers and argides invoke errors of less than <10 ppm, for Ca/Sr ratios typical of alkali basalts; there is no straightforward way to monitor or correct for these. Similarly, in a typical basalt laser run (with 500 ppm Sr), the total propagated error in 87 Sr/ 86 Sr from FeO 2 will then be less than 40 ppm (and could be nil). Additionally, the REE ++ invoke errors of <30 ppm for typical Sr/REE ratios in alkali basalts; these can in principal be corrected for by monitoring the 83. 5 . Finally, there seems to be some evidence for the formation of KrH in the plasma, with Kr/KrH exhibiting ratios from 35-70. Kr hydrides create isobaric interferences on masses 83, 84, 85 and 87, and they may play an important role when Kr/Sr ratios are elevated. In practice, however, it appears that there are frequently other unexplained interferences at these masses, as well as at the Kr and Rb masses, so that correction for these isobaric interferences is not always successful. These problems not only limit the attainable precision of laser ablation analyses, but can limit the precision of straightforward Sr solution analyses as well, even of the SRM987 standard. A continuing investigation of these issues (and a fuller discussion of interferences from Ca dimers, argides, FeO 2 , KrH and doubly charged Er and Yb) is underway (Hart et al., in prep) .
Measurement of Rb/Sr by LA-ICP-MS
Masses 85 and 88 represent pure Rb and Sr, respectively, so that fairly precise measurement of Rb/Sr ratios can be generated. After correcting for mass fractionation during each run, Rb/Sr ratios on Samoan basalt glasses measured by laser ablation are accurate to 7% (1 mean deviation, compared to ratios obtained by XRF/ICP techniques on the same glasses), and precise (0.67%, 1 mean deviation) during multiple runs on a suite of Samoan glasses (Fig. 6) . We note that this technique does not appear to work when running a "dry" plasma; Rb and Sr are strongly fractionated from each other, so that the measured Rb/Sr ratios are up to 80% higher than in the standard glass (see last 4 analyses in Table 4 ).
Replicability
We have not yet made a comprehensive study of reproducibility of sample analyses. We have done an analysis of a group of 50 runs on the SRM987 standard, spread over a 17 month time period, using solutions varying in concentration from 10 ppb to 600 ppb. All errors discussed here will be given at the 1 level. Considering first the 200 and 600 ppb solutions, the average internal precision for these was 7 ppm (for 88 Sr intensities varying from 8-28 volts). The average external precision, calculated from the variations within a single day's analysis session, was 12 ppm (and the number of standards run during each of these sessions varied from 2-6). While the overall ratio of external to internal precision was ~1.8, there was not a significant correlation between external and internal precision on a session-to-session basis (i.e. the internal precision on individual runs is not a good guide to the expected external precision). For the daily means of 11 sessions over the 17 month time period, the average 87 Sr/ 86 Sr was 0.710255, with a 1 standard deviation of a single analysis of 15 ppm. We should note that this time period involved a number of different baseline protocols and cup configurations, so the statistics may not be representative of our current procedures. There is one obvious conclusion, however, and that is that the precision on a daily basis is similar to the longterm precision; in other words, the variability in standard runs has almost as much "daily" scatter as it does "yearly" scatter.
Within this data set, there is a fair correlation between Sr intensity and the precision of the data; external precision for a given session is ± 5 ppm for >25 volt data, ±7-20 ppm for 9-15 volt data and ±50-80 ppm for 0.3-1 volt data. Overall, the 1 external precision in ppm, as a function of 88 Sr intensity in volts, may be empirically expressed as: ~ [80/(volts) 0.8 ].
Summary
The Finnigan NEPTUNE multi-collector ICP-MS has proven to be an excellent instrument for developing robust Sr isotope analysis protocols. Among its advantages are the stability of the Faraday-amplifier system, the ability to run with intensities up to 50 volts, and the stability of the mass bias for Sr and Rb. While the external precision of solution analyses are not yet comparable to the best TIMS techniques, the in situ laser ablation technique appears to be a reliable and very promising tool for the study of small scale-length isotopic heterogeneities, even in samples with a significant Rb component. Rb in SRM984 is 2.593 ± 0.002; all of the "calculated" Rb ratios are lower than the certificate value, and outside quoted error limits. Runs using a dry plasma not shown. Rb (see Fig. 2 ) is noted in the downward drift of error using the "global average" Rb correction scheme. Error bars on symbols are internal (in-run) precision (2 mean deviations). Dashed lines mark external precision of ±320 ppm (2 , standard deviation). Larger scatter in later runs is due to higher Rb/Sr ratios of the glass standards analyzed. Better external precision in early runs is due to smaller variation in 85 Rb/ 87 Rb over time. The glass standard runs at the beginning and the end of each analytical session are not correctible using the bracketing technique and are not plotted. However, all glass standards are correctible using the "global average" Rb correction scheme, so more data points are plotted for this latter correction scheme. Fig. 4 Rb) using actual basalt analyses by laser ablation. Alternatively, error using the "bracketing" method for the Rb correction is 20% lower, and is described by the lower line. The Rb correction contributes the vast majority of the error on the final 87 Sr/ 86 Sr in our protocol for measuring basal glasses by LA-MC-ICPMS. Therefore, we consider the lower model curve to be a good approximation of the reproducibility of our method. 
